This study aimed to assess the long-term outcomes of radiotherapy in patients with localized gastric mucosa-associated lymphoid tissue (MALT) lymphoma. Twenty-seven patients with Stage I gastric MALT lymphoma were treated with radiotherapy from 1999 to 2010. The median age was 65 years (range: 31-84). Fifteen patients were Helicobacter pylori-negative. Thirteen patients were treated with definitive radiotherapy alone. The other 14 patients who had refractory or residual disease following a prior treatment received salvage radiotherapy. The median dose of the radiotherapy was 30 Gy in 20 fractions (range: 30-39.5 Gy). The median follow-up period was 121 months (range: 8-176 months). The 5-and 10-year overall survival rates for all patients were 92% and 87%, respectively. No patients died from MALT lymphoma. Three patients died of other diseases at 8, 33 and 74 months after radiotherapy (myocardial infarction, pneumonia and hepatocellular carcinoma, respectively). No cases of local recurrence were observed during the follow-up period. There were no serious late gastric, liver or kidney complications during a median follow-up period of over 10 years. Two patients remain alive with distant metastases: a lung metastasis and an abdominal lymph node metastasis at 104 months and 21 months after radiotherapy, respectively. Excellent longterm local control was observed in patients with localized gastric MALT lymphoma after radiotherapy. However, lifelong follow-up should be conducted to detect cases of late recurrence, especially distant metastases.
INTRODUCTION
Extra-nodal marginal zone lymphomas of the mucosa-associated lymphoid tissue (MALT) are indolent, low-grade B-cell non-Hodgkin lymphomas, and most frequently affect the stomach. Gastric MALT lymphomas often result from Helicobacter pylori infection. The H. pylori positivity rate in the early stage of gastric MALT lymphoma is approximately 90% [1] . Eradication therapy has had excellent clinical results in patients with H. pylori-positive gastric MALT lymphoma and is accepted as the first-line treatment [2, 3] .
For H. pylori-negative gastric MALT lymphomas or patients who do not respond to eradication therapy, radiotherapy has been accepted as a preferred organ-preserving local treatment modality. Several retrospective studies have reported that radiotherapy has excellent clinical outcomes and minimal toxicities in patients with gastric MALT lymphoma [4] [5] [6] .
On the other hand, in the lifelong observation of patients with extra-nodal MALT lymphoma, relapse has been reported to occur in 37% of patients after a median period of 47 months © Oxford University Press 2017. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/ by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com (range: 14-307 months) [7] . Gastric MALT lymphomas are considered to have better clinical results than MALT lymphomas of other sites; however, late relapses have been observed more than 5 years after radiotherapy [8] . These results imply the necessity of longterm follow-up in MALT lymphoma patients.
In the present study, we performed a retrospective analysis to assess the long-term results, over a median follow-up period of 10 years, in patients with localized gastric MALT lymphoma who were treated with radiotherapy.
MATERIALS AND METHODS

Patient characteristics
From November 1999 to December 2010, 27 patients with gastric MALT lymphoma underwent radiotherapy treatment at our center. All the data collections were performed with approval from the institutional review board. All patients were histologically diagnosed with MALT lymphoma by endoscopic biopsy. Table 1 summarizes the patient characteristics. The median age was 65 years (range: 31-84). All patients were classified as clinical Stage I, according to the Lugano staging system [9] . Fifteen patients (56%) were H. pylori-negative. Eight patients (30%) were positive for a t(11:18)(q21; q21) chromosomal translocation. The proximal site of the stomach was most commonly involved (67%). Two patients (7%) were diagnosed with MALT lymphoma mixed with a high-grade transformation component. Figure 1 shows the initial treatments before radiotherapy. In 11 of the 12 patients with H. pylori infection, eradication therapy was administered using a proton-pump inhibitor plus two antibiotics. Among these patients, one patient received additional chemotherapy (cyclophosphamide) due to eradication resistance. Two patients who achieved a complete response (CR) with eradication therapy subsequently relapsed; another 9 patients showed persistent disease after eradication. One H. pylori-positive patient underwent surgery simultaneously due to the complication of a gastric adenocarcinoma. The postoperative pathological examination revealed an early-stage gastric adenocarcinoma; however, the surgical margin was positive for MALT lymphoma. Thus, adjuvant radiotherapy was administered.
Treatments prior to radiotherapy
Among the 15 H. pylori-negative patients, 13 received definitive radiotherapy alone. Another two patients underwent either eradication or chemotherapy (R-CHOP: rituximab, cyclophosphamide, doxorubicin, vincristine and prednisolone) prior to radiotherapy, and received salvage radiotherapy for their residual disease. R-CHOP was administered to one patient due to pathological findings, which included a high-grade lymphoma transformation component.
Among the 12 of 27 patients who underwent eradication therapy, the median interval from eradication therapy to the start of radiotherapy was 3.5 months (range: 2 to 39 months).
Methods of radiotherapy
All patients were treated in the supine position with an empty stomach. Before October 2003, 11 patients underwent an X-ray simulation using fluoroscopy for 2D planning. After November 2003, 16 patients underwent a CT scan for 3D conformal radiotherapy (3D-CRT). The clinical target volume (CTV) was defined as the entire stomach, including the perigastric lymph nodes. The planning target volume (PTV) included the CTV and additional margins to account for internal organ motion (which was estimated from the stomach movement on fluoroscopy after the ingestion of a barium suspension) and set-up error. Twenty of 27 patients (74%) were treated with a two-field treatment technique consisting of opposed anterior and posterior fields; in the other 7 patients, this was combined with the lateral opposed fields or four-fields technique to reduce the dose to the kidneys. In 2D planning, the shape of the kidney was evaluated on an intravenous pyelogram (IVP). The median dose of radiotherapy was 30 Gy in 20 fractions (range: 30-39.5 Gy). Although we used 30 Gy in principle, two patients with bulky tumors were treated with 6 Gy boost irradiation after 30 Gy of irradiation. Mixed with high-grade component 2 (7) Only one patient underwent 39.5 Gy irradiation (because of a bulky tumor and because radiotherapy was performed during the New Year holidays). Basically, the dose constraints were as follows: the mean dose to either kidney was kept to <18 Gy, and the mean liver dose was kept to <20 Gy.
Follow-up and statistical analysis
An endoscopic biopsy was used to histologically assess the treatment response in all patients. Overall survival (OS) was measured from the initiation of radiotherapy to death regardless of cause. Relapse-free survival (RFS) was defined as the time from the start of radiotherapy to relapse (including a local recurrence or a distant metastasis) or death from any cause. The OS and RFS rates were calculated using the Kaplan-Meier method. Cases of acute toxicity were graded according to the Common Terminology Criteria for Adverse Events (CTCAE version 4.0). The Radiation Therapy Oncology / European Organization for Research and Treatment of Cancer (RTOG/EORTC) late radiation morbidity scoring scheme was used to evaluate late complications.
RESULTS
Treatment outcome
The median follow-up period was 121 months (range: 8-176 months). All patients achieved a CR at the post-treatment endoscopic biopsy. The 5-and 10-year OS rates were 92% and 87%, respectively. The 5-and 10-year RFS rates were 88% and 77%, respectively (Fig. 2) . During the follow-up period, no cases of local recurrence were observed. Three patients died of intercurrent diseases without any evidence of relapse of the MALT lymphoma: one of myocardial infarction at 8 months after the start of radiotherapy, one of pneumonia at 33 months, and one of hepatocellular carcinoma from hepatitis C at 74 months.
Two of the 27 patients suffered from a distant metastasis without a local recurrence (Fig. 3) . Table 2 shows the details of the relapsed cases. One had a pulmonary metastasis with a mild cough at 104 months after radiotherapy. A pathological examination revealed that the metastasis was of the same type as the initial MALT lymphoma without any transformation to high-grade lymphoma. Another patient had a mesenteric lymph node metastasis 21 months after radiotherapy, which was diagnosed from changes in CT images without a pathological examination. This relapse tumor slowly progressed without symptoms over a period of 10 years. The patients with distant metastasis have been followed up without any additional treatment.
Radiation-related complications and dose-volume histogram analysis
The acute non-hematological toxicities of the patients were categorized as Grade 1 (n = 15) and Grade 2 (n = 2), with complaints of anorexia, nausea or vomiting. White blood cell count decreases corresponding to Grade 2 and 3 were observed in 8 and 3 patients, respectively. In all patients, the full course of radiotherapy was completed without interruptions due to treatment-related acute toxicities.
A dose-volume histogram analysis was available for 15 of the 27 patients (56%). The percentages of liver volumes that received ≥10 Gy, ≥15 Gy and ≥20 Gy (V10, V15 and V20, respectively) were 45.9% (range: 13.7-75.1%), 33.4% (range: 10.3-67.3%) and 22.7% (range: 7.5-57.4%), respectively. The mean dose to the liver was 11.3 Gy (range: 3.8-20.0 Gy). The mean dose to the right kidney, left kidney and both kidneys were as follows: 7.4 Gy (range: 1.1-16.6 Gy), 13.1 Gy (range: 0.9-23.7 Gy) and 10.0 Gy (range: 1.2-16.5 Gy), respectively.
After the completion of radiotherapy, transient liver dysfunction was observed in 10 patients (37%); the median duration between the completion of radiotherapy and the onset of transient liver dysfunction was 1 month (range: 1-4 months). No cases of transaminase re-elevation or any other types of liver-dysfunction were observed within the follow-up period. Although two patients were diagnosed with hepatitis C prior to gastric MALT lymphoma treatment, no exacerbation of liver dysfunction was observed in these patients.
There were no serious (Grade ≥3) late gastric, liver or kidney complications during a median follow-up period of over 10 years. No patients suffered from gastrointestinal bleeding or perforation. Late renal complications of Grade 1 (n = 2, 7%) and 2 (n = 1, 4%) were observed; 2D treatment planning had been performed for both of these patients.
One patient had an early gastric adenocarcinoma 4 years after radiotherapy for gastric MALT lymphoma, and underwent endoscopic submucosal dissection. Another patient had cancer of the left breast 12 years after radiotherapy, which was thought to have arisen from outside the field of radiotherapy.
DISCUSSION
In current guidelines and reports, the first-line approach in gastric MALT lymphoma, regardless of clinical stage, is H. pylori eradication therapy [2, 3] . The complete remission rate with the eradication of H. pylori is reported to be approximately 73-94.4% [1, [10] [11] [12] . Furthermore, in the H. pylori-negative patients the eradiation therapy achieved a 29-46% response rate (complete and partial remission). The current guidelines recommend that H. pylori-negative patients with gastric MALT lymphoma also undergo anti-H. pylori treatment as a first-line treatment. [2, 3, [13] [14] [15] . However, some factors have been reported to be associated with eradicationresistance, including: an endoscopic finding of non-superficial type (mass-forming or diffuse infiltrating type), the presence of t(11;18) (q21;q21) chromosomal translocation, location in proximal or multiple areas (non-antral involvement), the absence of H. pylori infection, and a diffuse large B-cell lymphoma (DLBCL) component [1, [16] [17] [18] [19] . Radiotherapy is a promising therapy for gastric MALT lymphomas that are residual or recurrent after eradication therapy. Several reports have mentioned that the 5-year cause-specific survival rates in patients with gastric MALT lymphoma who receive radiotherapy are 80-100% [4-6, 8, 20-22] . In our study, good long-term local control was achieved over a median follow-up period of 10 years. These results are in line with the results of other reports and indicate that radiotherapy may be a promising secondline treatment for eradication-resistant localized gastric MALT lymphoma. Adverse events seem to be rare in radiotherapy for gastric MALT lymphoma [4] [5] [6] . In our study, severe renal toxicities were also not observed during a median follow-up period of over 10 years. The current radiation technique for the stomach includes 3D-CRT plans, consisting of three to four fields, and intensitymodulated radiation therapy (IMRT) plans, in order to reduce the dose to the left kidney. However, these techniques involve an increase in the liver dose in comparison with the traditional twofield treatment technique using parallel-opposed anterior and posterior fields [23] . Tanaka et al. reported that only transient or mild hepatic dysfunction occurred in gastric lymphoma patients who underwent low to moderate dose irradiation to the liver. They named this phenomenon 'radiation-induced hepatic dysfunction (RIHD)'. RIHD is diagnosed in~70% of gastric lymphoma patients after radiotherapy [24] . In our study, RIHD was observed in 37% of patients; all cases were transient and showed spontaneous improvement. Further study is necessary in order to determine the clinical importance of RIHD and dose restrictions for the liver. However, it seems to be important to pay careful attention to reduce the dose to the healthy liver and kidneys.
There is not yet an established consensus regarding the optimal second-line treatment for patients with gastric MALT lymphoma who do not respond to eradication treatment or who suffer from local recurrence [2, 3, 25] . Surgical resection has gradually declined because of the high incidence of post-operative complications and due to the absence of evidence to show an advantage of surgery in comparison with organ-preserving treatments [26, 27] . Radiotherapy alone and chemotherapy with/without a combination of anti-CD20 monoclonal antibodies have both achieved promising results as second-line treatments. Although immunotherapy using an anti-CD20 monoclonal antibody (rituximab) only achieved a 46-59.3% CR rate, the combination of rituximab plus chlorambucil therapy achieved a 78% CR rate [21, 28, 29] . The CR rate of chemotherapy was approximately 85-88%, which was lower than the remission rate of radiotherapy [1, 21] . On the other hand, lowgrade MALT lymphoma with the DLBCL component has been reported to have a tendency to progress to distant metastasis after radiotherapy [30] . Furthermore, the presence of either large B-cell components or an exophytic growth pattern have been reported to be negative predictive factors of treatment failure after radiotherapy [4] . It is, therefore, suggested that patients with the DLBCL component should be treated by CHOP-based systemic chemotherapy rather than radiotherapy alone [31] . Two of the patients in our study had a high-grade lymphoma transformation component; one patient underwent R-CHOP chemotherapy as a first-line treatment before the radiotherapy. There was no local recurrence or evidence of metastasis at 74 or 135 months after the radiotherapy. On the other hand, one patient with a t(11;18)(q21;q21) chromosomal translocation has developed lung metastasis at 104 months after radiotherapy. These results suggest the necessity of long-term follow-up in MALT lymphoma patients after radiotherapy, and that further investigation is required to elucidate the risk factors that are related to the distant relapses (high-grade component and chromosomal translocation, etc.).
Some recent studies have proposed a 'watch-and-wait' strategy for patients with minimal residual gastric MALT after eradication [2, 14, 25, 32] . The time to the best response after eradication therapy was 3-9 months in the majority of responders, However, some patients took 2-3 years [14, 32] . The European Society of Medical Oncology (ESMO) has proposed that physicians wait for at least 12 months before starting other treatments in patients who achieve a clinical and endoscopic remission together with the eradication of H. pylori, but who still have persistent (residual) lymphoma at the histological level [3] . The European Gastro-Intestinal Lymphoma Study (EGILS) group has also recommended that patients with persistent histological lymphoma can be managed for up to 24 months by a watch-and-wait strategy unless progression or recurrent endoscopic lesions can be demonstrated [2] . They also mentioned that in relapse cases, even though a watch-and-wait strategy can be adopted if no signs of endoscopic or clinical progression are evident, in a few cases, local histological recurrence was reported to disappear spontaneously on the subsequent histological examination without any treatment [1, 10] .
The present study was associated with a limitation in that the interval between eradication and radiotherapy was relatively short (median: 3.5 months). Additional investigations, which take into account the abovementioned factors that predict resistance to eradication therapy, might be required to determine the optimal timing for the initiation of radiotherapy for patients with eradicationresistant gastric MALT lymphoma.
In conclusion, radiotherapy for localized gastric MALT lymphoma achieved excellent local control without serious toxicities over a 10-year follow-up period. However, careful long-term follow-up should be performed after radiotherapy to identify late relapses, especially distant metastases.
